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Abstract 
The study presented in this paper focused on the use of carbon nanotubes (CNT) in bituminous binders. By employing a 
single reference base bitumen and multiwall CNTs, several bitumen-CNT blends were prepared at various concentrations and 
were subjected to rheological characterization in different aging conditions. Results indicate that when CNTs are added with a 
sufficiently high percentage to base bitumen, they can significantly affect rheological properties. CNTs provide an 
enhancement of rutting resistance potential and of resistance to thermal cracking. Moreover, susceptibility to oxidative aging 
is reduced with further advantages that are expected in the long-term performance of bituminous mixtures. 
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1. Introduction 
Nanotechnology deals with the creation and use of functional materials, devices and systems with novel 
properties and functions that are achieved through the control of matter at the atomic and molecular level. The use 
of nano-structured materials has seen a tremendous development in recent years with wide-ranging applications in 
many engineering fields [1].  
Among the various nano-sized materials, carbon nanotubes (CNT) perhaps represent the most promising 
additive for the improvement of performance characteristics of structural and construction materials [2]. A CNT 
is a one-atom thick sheet of graphite rolled up into a seamless hollow cylinder with a diameter of the order of one 
nanometer. CNTs were discovered by Iijima [3], who first reported the arc-discharge synthesis and 
characterization of helical microtubules, formed by molecular-scale fibres with structures related to fullerenes. In 
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addition to the abovementioned arc-discharge synthesis, other techniques can be used to produce CNT, the most 
common of which are chemical vapour deposition and laser ablation [1]. 
CNTs are characterized by superior mechanical properties when compared with other construction materials. 
Depending on the radius of the tube, Young’s modulus of a CNT can be as high as 1,000 GPa [4] and tensile 
strength can reach 150 GPa [5]. Two different types of CNT exist, respectively in the form of single tubes (called 
single-wall CNTs) and coaxial tubes (multiple-wall CNTs). Multi-wall CNTs are less expensive and easier to 
produce but exhibit lower strength and stiffness than single-wall CNTs [6].  
In the field of civil engineering, while a large amount of research has been carried out in the last decade on 
carbon nano-modification of cement-based materials [7] and polymer composites [8, 9], very few studies have 
been conducted in the area of bituminous binders and mixtures. Xiao et al. [10, 11] indicated that carbon nano-
particles can be beneficial in enhancing the rheological properties of bituminous binders after short-term and 
long-term aging treatments. In their works on unaged binders, Amirkhanian et al. [12, 13] recommended the use 
of a relatively high percentage of nano-particles (> 1%) to increase resistance to permanent deformation at high 
temperatures. Khattak et al. [14] found that modification of neat bituminous binders with carbon nano-fibres 
improves fatigue and rutting response to an extent which depends on the mixing procedure employed for the 
dispersion of nano-fibres in the binder.  
In the study presented in this paper, rheological characteristics of bituminous binders containing various 
percentages of CNTs were evaluated in different aging conditions. On the basis of the obtained experimental 
results, the effects of CNTs on material properties were analyzed and discussed. 
2. Experimental investigation 
2.1. Materials 
Materials used in the experimental investigation included a neat base binder belonging to the 50/70 
penetration grade (penetration at 25°C = 53 dmm; ring and ball softening point = 47.6°C) and a commercially 
available multiwall CNT obtained by catalytic chemistry vapour deposition. 
Three different percentages of CNT were chosen to produce bitumen-CNT blends (0.1%, 0.5% and 1.0% by 
weight of the base binder). A simple shear mixing technique was employed to incorporate CNTs into the base 
bitumen not only because it is very convenient in laboratory operations, but also because it has the potential of 
being easily transferred to the industrial scale in hot mix asphalt plants.  
Following preliminary attempts in which different mixing times and temperatures were considered, the final 
mixing protocol adopted in the study consisted in two subsequent phases: a first phase in which CNTs were 
added and manually blended to the bitumen, and a second phase in which the bitumen-CNT blends were mixed 
with a mechanical stirrer, operating at a speed of 1,550 rpm for a total time of 40 minutes in order to obtain 
satisfactory homogeneity. During both phases of mixing, temperature was set at 160°C and kept constant by 
means of a thermostatic oil bath. 
The base binder and the bitumen-CNT blends where subjected to short-term and long-term aging with a 
Rolling Thin Film Oven (RTFO) and a Pressure Aging Vessel (PAV), respectively. 
2.2. Testing 
Rheological characterization of the base binder and of the bitumen-CNT blends considered in this study was 
carried out by means of viscosity and oscillatory loading tests. Viscosity tests were performed with a Brookfield 
rotational viscometer in accordance to AASHTO T316-04. Only unaged materials were tested at two different 
temperatures (equal to 135 and 165°C). Oscillatory tests were carried out by means of a dynamic shear rheometer 
(Physica MCR 301 DSR from Anton Paar Inc.) in a wide range of frequencies and temperatures. In particular, 
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materials were subjected to frequency sweep tests covering two log decades of frequency, from 1 to 100 rad/s, 
while test temperature was varied in the interval comprised between 4 and 76°C (with 6°C increments between 
each measurement step).  
In order to evaluate the rheological behaviour of all materials within their linear visco-elastic domain, shear 
strains applied to test specimens were varied depending upon temperature and frequency according to the 
following equation proposed in SHRP [15]: 
  29.0*
12
G
 J   (1) 
where γ is shear strain (in %) and G* is complex shear modulus (in kPa). 
Two different geometries were used for testing: 8 mm parallel plates with 2 mm gap at test temperatures lower 
than 34°C; 25 mm parallel plates with 1 mm gap at test temperatures greater than or equal to 34°C. 
3. Results 
3.1. Viscosity 
Fig. 1 synthesizes the results obtained from viscosity tests carried out on unaged bitumen-CNT blends. As 
expected, viscosity values of all blends decrease as temperature increases from 135 to 165°C. Moreover, it can be 
noticed that viscosity increases with increasing CNT percentages. In particular, viscosity gains are of the order of 
8-9% for the lowest CNT dosage (0.1%), of the order of 23-25% for the intermediate dosage (0.5%) and are 
significantly higher (reaching values above 100 and 200%, respectively at 165 and 135°C) in the case of blends 
with 1% CNT. 
Viscosity provides a measure of the flow characteristics of bituminous binders. Binders must be sufficiently 
fluid at high temperatures so that they can be easily pumped and handled during production and laying of 
bituminous mixtures for paving applications. The results illustrated above indicate that higher than ordinary 
mixing and compaction temperatures are needed when a great amount of CNT (1%) is added to the base binder. 
Nevertheless, the increase in viscosity may be beneficial in improving resistance to permanent deformation since 
it results in a greater stiffness at high pavement service temperatures [12]. 
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Fig. 1. Viscosity at 135 and 165°C as a function of CNT dosage 
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3.2. Complex modulus and phase angle 
Complex modulus (G*) and phase angle (δ) values obtained from frequency sweep tests are presented in the 
form of Black diagrams in Fig. 2. This type of representation is independent of frequency and temperature, and 
allows all the oscillatory data to be reported in a single graph. Black diagrams provide a useful tool in analyzing 
rheological data for the identification of possible discrepancies in experimental results, and for the verification of 
time-temperature equivalency and thermo-rheological simplicity [16]. 
From the graphs reported in Fig. 2 it can be observed that the visco-elastic properties of bitumen-CNT blends 
are very sensitive to CNT dosage. G*-δ curves corresponding to 0 and 0.1% CNT overlap almost perfectly, 
indicating that, regardless of aging conditions, no significant changes in rheological behaviour occur at the lowest 
CNT concentration considered in this study. Such curves display a monotonic decrease of the complex modulus 
with phase angle.  
Black diagram curves corresponding to binders containing 0.5 and 1% CNT reveal a different response under 
oscillatory loading. In both cases a hump appears in the curves, thus highlighting a complex modulus threshold 
level (generally comprised between 101 and 102 kPa) which separates two distinct domains. In particular, for G* 
values above the threshold, the curves are very similar to those corresponding to 0 and 0.1% CNT, with the phase 
angle increasing as the complex modulus decreases. On the contrary, for G* values below the threshold, the 
curves drastically deviate from the monotonic trend, with the phase angle decreasing as the complex modulus 
decreases. This type of behaviour is typical of polymer-modified binders [16-18]. A similar response has also 
been observed in binder-filler mastics prepared with ultrafine particles [19]. The inclusion of a sufficient amount 
of CNT (> 0.5% in this study) significantly increases the stiffness and the elasticity of the base bitumen at low 
frequencies and high temperatures, indicating an enhancement of the rutting resistance potential. These 
improvements may be attributed to CNT reinforcement, which is believed to be produced by a network of 
nanotubes formed within the binder matrix. 
Further interesting observations can be drawn from Fig. 2 by comparing the relative positions of Black 
diagram curves corresponding to 0.5 and 1% CNT for blends subjected to different aging treatments. By referring 
to the high temperature-low frequency domain, it can be noticed that in unaged conditions the 0.5% blend 
exhibits, with respect to the binder containing 1% CNT, higher values of complex modulus at any given phase 
angle value. After short-term aging, differences between the two materials are drastically reduced, with G*-δ 
curves becoming very close to each other. After long-term aging the situation observed in the unaged state is 
reversed, with the 1% blend appearing to be stiffer than the 0.5% one. 
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Fig. 2. Black diagrams of unaged, RTFO-aged and PAV-aged bitumen-CNT blends 
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Fig. 3. Black diagrams of binders with 0, 0.1, 0.5 and 1% CNT in different aging conditions 
Effects caused by aging can also be highlighted by reporting in the same plot Black diagram curves obtained 
from unaged blends and RTFO and PAV residues at any given CNT percentage (Fig. 3). 
In all cases oxidative aging produces a shift of the curves towards lower phase angles, thus indicating a change 
in rheological behaviour which consists in a stiffness increase accompanied by an enhancement of elastic 
response. The only exception is represented by the 0.5% blend, for which the low temperature-high frequency 
branch of the curve seems to progressively shift towards higher phase angles and lower complex moduli after 
RTFO and PAV treatments. This can explain the previously mentioned variation of relative positions of Black 
diagram curves corresponding to 0.5 and 1% CNT when progressively passing from unaged to long-term aged 
conditions (Fig. 2). Such a result may be attributed to variations in material composition and CNT dispersion 
occurring during RTFO and PAV treatments. However, this issue will need to be more thoroughly addressed in 
the future with specific tests and analyses. 
551 Ezio Santagata et al. /  Procedia - Social and Behavioral Sciences  53 ( 2012 )  546 – 555 
4. Modeling 
The relationship between frequency and temperature established by the Time-Temperature Superposition 
Principle (TTSP) allows rheological properties of binders (such as complex modulus G* and phase angle δ) to be 
estimated over a range of frequencies which is broadened with respect to those adopted in oscillatory 
measurements. Application of the TTSP consists in horizontally shifting experimental data collected in frequency  
sweep tests carried out at various temperatures, thus obtaining a continuous smooth curve at a given reference 
temperature (TR). 
The analysis of Black diagrams (Figs. 2 and 3) revealed that the TTSP does not hold for bitumen-CNT blends 
containing 0.5 and 1% CNT. Nevertheless, it was observed that a single smooth curve can be obtained for the 
complex modulus G* of these materials by using a standard shifting procedure (Fig. 4). Such a result proves the 
validity of the so-called “Partial Time-Temperature Superposition Principle” (PTTSP) [20]. 
Different mathematical models have been proposed by researchers to describe the rheological behaviour of 
bituminous materials. In general, they can be distinguished in analytical models, in which expressions of complex 
modulus or other rheological functions are employed to fit experimental data [21, 22], and analogical models, in 
which the linear visco-elastic response is described with a particular combination of elastic elements (springs) 
and Newtonian viscous elements (dashpots) [23, 24].   
In the present work, G* master curves were derived from oscillatory data by employing the following 
analytical model proposed by Christensen, Anderson and Marasteanu (CAM model) [22]: 
22
1)(*
Log
mR
R
Log
c
gGG »»¼
º
««¬
ª
¹¸
·
©¨
§ Z
ZZ   (2) 
where G*(ω) is the complex modulus at reduced angular frequency ω, Gg is the glassy modulus, ωc is the 
crossover frequency, R and m are model parameters. 
 
 
Fig. 4. Shifting of frequency sweep test data at different temperatures 
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Master curves were generated at a reference temperature of 34°C via a non-linear regression technique, 
minimizing the sum of squared errors between predicted and measured values of G*. Simultaneously, shift 
factors were fitted to the well known Williams-Landel-Ferry (WLF) function [23], given by the following 
expression: 
 
 R
R
T TTC
TTCa 
 
2
1log   (3) 
where C1 and C2 are empirically determined constants, T is test temperature, TR is the reference temperature.  
Table 1 contains CAM model parameters (Gg, ωc, R, m) and WLF function coefficients (C1, C2) calculated 
from regression analysis for the different bitumen-CNT blends considered in their various aging conditions. 
Master curves of G* as a function of reduced frequency are plotted in Fig. 5. 
Coherently with the results reported in the previous section, it can be observed that a dosage of 0.1% CNT 
does not significantly affect CAM model parameters and master curves of the base bitumen. However, at 0.5 and 
1% CNT appreciable changes are recorded. The glassy modulus (Gg) decreases and crossover frequency (ωc) 
increases, indicating CNT-related softening effects at low temperatures and a reduction of hardness at reference 
temperature. The addition of 0.5 and 1% CNT also causes a considerable change of model parameters R and m 
which results in flatter master curves, indicating a reduction of the relaxation spectrum width and a less gradual 
transition from purely elastic behaviour to steady-state flow. This may be due to the negligible molecular weight 
variability of CNT, which affects the relaxation process that in conventional bituminous binders is led by the 
large array of molecular species [25].  
 
Table 1. CAM model parameters and WLF function coefficients 
 
Aging CNT [%] TR [°C] Gg [Pa] ωc [rad/s] R m C1 C2 
Unaged 
0.0 34 1.37E+08 4.49E+03 1.036 0.983 12.14 125.66 
0.1 34 1.63E+08 3.73E+03 1.111 0.990 12.20 124.32 
0.5 34 7.63E+07 3.20E+04 0.576 0.701 12.55 122.05 
1.0 34 9.18E+07 1.36E+04 0.692 0.798 13.21 134.33 
RTFO-aged 
0.0 34 2.56E+08 1.11E+03 1.402 0.998 14.10 138.07 
0.1 34 2.86E+08 9.84E+02 1.478 1.013 14.18 139.89 
0.5 34 1.21E+08 1.78E+04 0.749 0.685 15.53 152.18 
1.0 34 1.37E+08 8.49E+03 0.884 0.738 15.56 151.05 
PAV-aged 
0.0 34 3.84E+08 3.24E+01 1.936 1.022 17.05 152.61 
0.1 34 3.91E+08 7.46E+01 1.861 1.008 16.81 153.50 
0.5 34 2.52E+08 1.72E+03 1.365 0.778 17.59 163.79 
1.0 34 2.41E+08 2.89E+03 1.283 0.723 17.69 164.63 
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Fig. 5. Master curves of unaged, RTFO-aged and PAV-aged bitumen-CNT blends 
 
Master curves show higher values of complex modulus at low reduced frequencies and lower values of 
complex modulus at high reduced frequencies for blends containing higher percentages of CNT (0.5 and 1%). 
Hence, it can be stated that, when added in sufficient quantity, CNTs may provide beneficial effects on the anti-
rutting potential and thermal cracking resistance of bituminous binders.  
As indicated by variations of CAM model parameters after RTFO and PAV treatments, aging causes an 
overall hardening of bitumen-CNT blends. As already pointed out when discussing results provided in Figs. 2 
and 3, displayed master curves show that the progressive stiffening exhibited by the 1% CNT blend when passing 
from unaged to long-term aged conditions is greater than that of the binder containing 0.5% CNT. 
To quantitatively evaluate hardening effects, the following aging index (AI) was introduced: 
 
 Uc
AcAI Z
Z   (4) 
where (ωc)A and (ωc)U are the crossover frequencies respectively determined in aged and unaged conditions. 
AI values reported in Table 2 show that the susceptibility to oxidative aging is significantly reduced with the 
increase of CNT percentage, especially in the case of long-term aging. 
 
Table 2. Aging indexes of bitumen-CNT blends in short-term and  
long-term aged conditions 
 
CNT [%] 
AI 
RTFO PAV 
0 0.247 0.007 
0.1 0.264 0.020 
0.5 0.557 0.054 
1 0.625 0.213 
 
554   Ezio Santagata et al. /  Procedia - Social and Behavioral Sciences  53 ( 2012 )  546 – 555 
5. Conclusions 
Results obtained in the experimental investigation described in this paper indicate that CNTs may significantly 
affect rheological properties of bituminous binders if added to base bitumen with sufficiently high percentages (at 
least 0.5% by weight in the case of materials considered in this study). When lower CNT percentages are 
employed (e.g. 0.1%), only negligible changes in the response under loading can be observed, therefore 
indicating that no true modification occurs and that the extra costs involved in production are not justified from a 
technical viewpoint. 
Even though results are encouraging, several critical points need to be addressed for the use of such nano-
structured binders in full-scale paving applications. First of all, the dispersion of CNTs in the base bitumen 
requires the development of a reliable technique which should also be evaluated with respect to the possible 
occurrence of time-dependent segregation phenomena. The second point which requires attention is the 
identification of mixing and compaction temperatures, which may be higher than those normally adopted for neat 
binders as a result of the viscosity increase produced by dispersed CNTs. In such a context, limitations of the 
CNT dosage  may be necessary but should in any case be established by taking into account the corresponding 
visco-elastic properties under oscillatory loading. 
The analysis of Black diagrams, master curves and CAM model parameters derived from frequency sweep 
tests carried out on the blends prepared in the laboratory shows that when added in a sufficiently high percentage 
CNTs lead to a significant improvement in terms of stiffness and elasticity at low frequencies and high 
temperatures, thus providing beneficial effects on the potential rutting resistance. These effects may be attributed 
to CNT reinforcement which is believed to be produced by a network of nanotubes formed within the binder 
matrix. 
Further advantages related to the use of CNTs derive from the reduction of low temperature-high frequency 
stiffness, which is useful in controlling the occurrence of thermal cracking. Moreover, experimental data suggest 
that CNTs cause a significant reduction of susceptibility to oxidative aging, highlighted by the values calculated 
for the aging index (AI) introduced in the analysis of experimental data. 
In conclusion, findings of this preliminary study indicate that modification of bituminous binders by means of 
multiwall carbon nanotubes (CNT) appears to be a very promising technique for the improvement of the field 
performance of bituminous mixtures for paving applications. Nevertheless, more research is needed to generalize 
these findings and to better understand the mechanisms by means of which modifying effects are obtained. 
Furthermore, other specific aspects of binder behaviour should be subjected to analysis, possibly by introducing 
in the evaluation a cost-benefit analysis in order to stimulate applications at the industrial scale. 
 
Acknowledgements 
The research work presented in this paper is part of the FIRB Project entitled “Damage and healing of 
innovative nano-structured and polymer-modified bituminous materials”. Technical support provided by Nanocyl 
s.a. is gratefully acknowledged. 
555 Ezio Santagata et al. /  Procedia - Social and Behavioral Sciences  53 ( 2012 )  546 – 555 
References 
[1] Bergman, C.P., & Jung de Andrade, M. (2011). Nanostructured materials for engineering applications. Springer. 
[2] Kuchibhatla, S.V.N.T., Karakoti, A.S., Debasis Bera, & Seal S. (2007). One dimensional nanostructured materials. Progress in materials 
science, 52, 699 - 913. 
[3] Iijima, S. (1991). Helical microtubules of graphitic carbon. Nature, 354, 56 - 58. 
[4] Treacy, M.M.J., Ebbesen, T.W., & Gibson, J.M. (1996). Exceptionally high Young’s modulus observed for individual carbon nanotubes. 
Nature, 381, 678 - 680. 
[5] de Heer, W.A. (2004). Nanotubes and the pursuit of applications. MRS Bulletin, 29, 281 - 285. 
[6] Bai J.B., & Allaoui, A. (2003). Effect of the length and the aggregate size of MWNTs on the improvement efficiency of the mechanical 
and electrical properties of nanocomposites - experimental investigation. Composites. Part A, 34(8), 689 - 694. 
[7] Sanchez, F., & Sobolev, K. (2010). Nanotechnology in concrete - A review. Construction and Building Materials, 24, 2060 - 2071. 
[8] Thostenson, E.T., Ren, Z.,&  Chou, T-W. (2011). Advances in the science and technology of carbon nanotubes and their composites: a 
review. Composites Science and Technology, 61(13), 1899 - 1912. 
[9] Bokobza, L. (2007). Multiwall carbon nanotube elastomeric composites: A review. Polymer, 48(17), 4907 - 4920. 
[10] Xiao, F., Amirkhanian, A.N., & Amirkhanian, S.N. (2011). Influence on rheological characteristics of asphalt binders containing carbon 
nanoparticles. Journal of Materials in Civil Engineering, 23, 423 - 431. 
[11] Xiao, F., Amirkhanian, A.N., & Amirkhanian, S.N. (2011). Long-term ageing influence of carbon nanoparticles on the rheological 
characteristics of short-term aged asphalt binders, International Journal of Pavement Engineering, 12(6), 533 - 541. 
[12] Amirkhanian, A.N., Xiao, F., & Amirkhanian, S.N. (2011). Characterization of unaged asphalt binder modified with carbon nano 
particles. International Journal of Pavement Research and Technology, 4(5), 281 - 286. 
[13] Amirkhanian, A.N., Xiao, F., & Amirkhanian, S.N. (2011). Evaluation of high temperature rheological characteristics of asphalt binders 
with carbon nano particles. Journal of Testing and Evaluation, 39(4), 1 - 9. 
[14] Khattak, M.J., Khattab, A., Rizvi, H.R., & Zhang, P. (2012). The impact of carbon nano-fiber modification on asphalt binder rheology. 
Construction and Building Materials, 30, 257 - 264. 
[15] Petersen, S.W.J.C., Robertson, R.E., Branthaver, J.F., Anderson, D.A., Christiansien, D.W., Button, J.W., & Glover, C.J. (1994). Binder 
characterization and evaluation. Volume 4. SHRP-A-370, Strategic Highway Research Program.  
[16] Airey, G.D. (2002). Use of black diagrams to identify inconsistencies in rheological data. Road Materials and Pavement Design, 3(4), 
403-424. 
[17] Airey, G.D., Mohammed, M., Collop, A.C., Hayes, C.J.,& Parry, T. (2008). Linear viscoelastic behaviour of polyacrylate binders 
bitumen blends. Road Materials and Pavement Design, EATA, 9(Special Issue), 13 - 36. 
[18] Santagata, E., & Baglieri, O. (2005). Experimental evaluation of modified bituminous binders for heavy duty applications.  
Proceedings of the 3rd International SIIV Congress, Bari, Italy, September 2005. 
[19] Delaporte, B., Di Benedetto, H., Chaverot, P., & Gauthier, G. (2009). Linear viscoelastic properties of bituminous materials including 
new products made with ultrafine particles. Road Materials and Pavement Design, 10(1), 7 - 38.  
[20] Olard, F., Di Benedetto, H., Eckmann, B., & Triquigneaux, J-P. (2003). Linear viscoelastic properties of bituminous binders and 
mixtures at low and intermediate temperatures. Road Materials and Pavement Design, 4(1), 77 - 107. 
[21] Christensen, D.W., & Anderson, D.A. (1992). Interpretation of dynamic mechanical test data for paving grade asphalt cement., Journal 
of the Association of Asphalt Paving Technologists, 61, 67 - 98. 
[22] Marasteanu, M.O., & Anderson, D.A. (1999). Improved model for bitumen rheological characterization. Proceedings of the  Eurobitume 
Workshop on Performance Related Properties for Bituminous Binders, 1 - 4. 
[23] Ferry, J.D. (1980). Viscoelastic properties of polymers. John Wiley and Sons. 
[24] Huet, C. (1963). Etude par un method d’impedance du comportement viscoelastique des materiaux hydrocarbons. PhD thesis, University 
of Paris, October 2003 (In French). 
[25] Petersen, S.W.J.C., Robertson, R.E., Branthaver, J.F., Anderson, D.A., Christensen, D.W., & Bahia, H.U. (1994). Binder characterization 
and evaluation. Volume 1. SHRP-A-367, Strategic Highway Research Program. 
